Introduction
Loxistatin acid (E64c, Figure 1a ) and its ethyl ester loxistatin (E64d) derive from the natural product E64, an epoxysuccinylpeptide. 1 Both are potent cysteine protease inhibitors which served as leads for various derivatives and which are widely used in in-vitro and in-vivo studies. 2 In both cases, E64c is the active component (as hydrolysis product of E64d) that irreversibly inhibits the protease through nucleophilic ring opening at carbon atom C2 and formation of a covalent S-C2 bond (Figure 1b ). 3, 4 Several crystal structures of E64c-enzyme complexes have been determined 3 -of which we use the E64c-cathepsin B structure of ref. 3c in this study ( Figure 1d )but the crystal structure of pure E64c has not been obtained until now. Substituent and environmental effects on the activity of E64c and the inhibition mechanism have been analyzed theoretically. 4 The binding of a drug to its receptor and the way in which a molecule packs in a crystal are governed by the same interactions, principally electrostatic forces, hydrogen bonding and van-der-Waals interactions. In biological as well as crystalline environments, a molecule will adapt its shape according to the prevailing binding requests so that the observed conformation is a measure of both its inherent molecular flexibility and the surrounding binding forces. Correlations between geometrical properties derived from small-molecule crystal structures and the observed binding modes of the same molecule in complexes with enzymes are numerous and promising for further application, 5 and these have led to the development of the idea of composite crystalfield environments 6 and development of software such as SuperStar 7 connected to the Cambridge Structural Database 8 . This enables rational drug design based on pharmacophores. 9 However, the pharmacophore approach requires the knowledge of the three-dimensional structure of a specific biological target. If this is experimentally unavailable, generalized structural correlations of the kind discussed above are utilized to simulate a receptor or enzyme-pocket geometry based on arrays of crystal structures of corresponding small biologically active compounds as probes (pseudoreceptor modeling 10 or reverse pharmacophore mapping 11 ).
Beyond the level of geometrical and force-field applications discussed in the previous paragraph, 5,6,10 experimental electrondensity (ED) properties of crystal structures of pure lowmolecular weight enzyme ligands give detailed insight into intermolecular interactions that are believed to be biologically relevant. 13,14b Quantitative studies have revealed the similarity between the ED of a molecule in the biological and crystal environments using E64c as a test case. 4c,14 The results indeed imply that the environments inside the molecular crystal and in the target enzyme generally influence the ED of the active compound in a closely similar manner. 4c,14 However, a serious drawback of these studies was that comparisons had to be made between the crystal structures of E64c-cathepsin B and pure E64d, 15 since no crystal structure of E64c was available at that time. With the knowledge of the E64c crystal structure, these assumptions based on the ED can now be checked and comparisons can be extended to include the electrostatic potential. It is increasingly recognised that electrostatic complementarity is a crucial property for crystal packing 12a,b as well as for the biological ligand-enzyme recognition process in general upon forming a reversible complex 12c-g . Hence, in this study we combine the concepts of pseudoreceptor modeling and electrostatic complementarity.
Results and discussion
In the E64c-cathepsin B complex, covalently-bonded E64c is present after ring opening (irreversible complex, Figure 1d ), whereas in the crystal structure of the pure inhibitor (E64d in previous studies, E64c in this study) the epoxide ring is closed and hence more closely resembles the state of the molecule in the reversible complex during the recognition process, and before covalent inhibition. Therefore, this reversible complex has been modelled with QM/MM means (Figure 1c, details in ref. 4c ). In the present study we use the new crystal structure of E64c and the modelled E64c-cathepsin B reversible complex for a direct comparison of their geometry, hydrogen-bonding environment and electrostatic properties.
Comparison of Figures 1c and 1d reveals that the conformational changes upon ring opening are minimal, including residues involved in the hydrogen bonding network, and suggesting that the properties discussed below may even be an adequate approximation for the irreversible complex.
E64c was purchased as a finely crystalline solid from Cayman Chemicals. Once dissolved in any solvent, normally only glass-like material forms. We managed to crystallize E64c from a few milliliters of pure ethanol by extremely slow evaporation over three months. Very thin (less than 20 μm) plate-like crystals were obtained that readily formed twins. As a diffraction pattern could not be observed at atomic resolution with conventional X-ray sources, single-crystal diffraction data were measured with intense synchrotron radiation and at the lowest possible temperature (12K, open-flow helium gas stream) at the Advanced Photon Source of the Argonne National Laboratories in Illinois, U.S.A, beamline 15-ID-B. A maximum resolution of d = 0.7 Å was achieved. Problems persisted since absent reflections suggested the orthorhombic space groups C222 or P2 1 2 1 2. After solving the structure in the triclinic space group P1, pseudo-symmetry relationships became apparent between four independent molecules in the asymmetric unit (Figure 2a , atom numbering in 2b) with disorder in the iso-butyl/-pentyl groups for two of them. Invarioms were used for an improvement of the structural parameters and the assignment of the disorder components. This technique is based on tabulated transferable multipole parameters and hence allows the use of aspherical atomic scattering factors in the least-squares refinement. 16 mental section and the ESI. An isolated-molecule geometry optimization was also carried out at the B3LYP/6-311++G(2d,2p) level of theory. Figure 2c shows that the conformations of the four independent molecules A-D are virtually identical with the exception of the iso-pentyl group (C11-C15). This conformational flexibility and the fact that this group is prone to be heavily disordered (three different disorder components in molecule A) show that it lacks some stabilizing intermolecular interactions in the crystal. In the enzyme, it is this iso-pentyl group that is closest to the hydrophobic pocket, represented by residue Phe75 in Figures 1c,d and 3b . This is a first hint that the behavior of the molecule in the crystal structure of the pure compound is comparable to that in the enzyme environment. Hydrogen bonding interactions for molecules A-D are found to be identical in the crystal (see Table 1 and the Hirshfeld surface 17 fingerprint plots 17a in Figure S4 in the ESI), hence the biologically active regions around the epoxide rings lie in the same crystal environment in all cases, leading to identical conformations ( Figure 2c ). For these reasons we choose only one of them (disorder-free molecule D, Figure 2b ) as a basis for further analysis. O3A-H…O5B 2.536 (7) O3B-H…O5A 2.522 (7) O3C-H…O5D 2.544(6) O3D-H…O5C 2.542 (7) N1A-H…O2B 2.842 (7) Figure 2d overlays the molecular conformations of E64c from the crystal of the pure compound, the reversible complex with cathepsin B, and the isolated-molecule optimization. There is a considerable twist in the orientation of the epoxide ring between all three of them if the amide group is used as refe- rence, which is important if one considers that C2 is attacked in the inhibition mechanism. However, the overall molecular Tlike shape is retained between the molecule in the crystal and Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 the enzyme environment, whereas in the isolated state the optimum structure is less open with one of the alkyl chains looping back onto the biologically active region and shielding it sterically. It appears that interactions with the environment in the crystal and the enzyme overcome this energy barrier and open the molecule. This must be due to an overall similar electric field acting on the molecule exerted by neighboring groups (other E64c molecules or amino acid residues, respectively) of which hydrogen bonds are an important part. Assuming a two-step inhibition process where first the reversible E64c-cathepsin B complex is formed (K i = dissociation constant of the reversible complex) and then irreversible inhibition follows (k i = first-order rate constant of the inhibition), previous work 4a has identified several hydrogenbonding interactions with the protease to be of crucial importance for the biological activity of E64c (compare Figures  3a,b and Table 1 ). A bifurcated hydrogen bond of O2 with residues Gln23 and Cys29 is important for both K i and k i , whereas the hydrogen bonds between O3 and His199 as well as O4 and Gly74 are important only for K i . A hydrogen bond between N1-H and Gly198 probably determines the stereospecificity, but interactions with the amide group O5/N2 are less important. Epoxide oxygen O1 is not involved in any interaction. Interestingly, in the crystal structure of the pure compound, the same number and configuration of the biochemically important hydrogen bonds are observed ( Figure  3c and Table 1) , including a bifurcated hydrogen bond with O2 as acceptor, furthermore involving O3, O4, and N1-H, but not involving O1. However, the second interaction to O2 is a C-H…O hydrogen bond, and O3 is a donor and not a deprotonated acceptor (although the O3…O5 distance is so short at 2.54 Å that the beginning of a proton transfer process may be frozen in the crystal structure, indicated with dotted lines in Figure 3c ). Overall, the arrangement of pairs of antiparallel molecules exemplified in Figure 3c is reminiscent of two antiparallel peptides in a beta-pleated sheet. Table 1 shows that not only the number and configuration of the hydrogen bonds are similar between the crystal structure of the pure compound and the reversible complex, but also the donoracceptor distances are very similar, even reflecting similar trends, e.g. that the hydrogen bond involving O3 is the shortest one in the assembly. Although the same hydrogen bonds persist after the inhibition (cf. Figures 1c,d) , in terms of distances the similarity to the reversible complex is higher than to the irreversible one, as expected.
In summary, the similarity between the hydrogen bonding patterns of E64c in its crystal structure and in the enzyme environment is striking, and is complemented by the similar hydrophobic interactions discussed above. Considering these findings, we conclude as a first assumption that inherent electronic and electrostatic properties of E64c are both important in the inhibition process and reflected in the properties of the crystal of the pure compound. We know from previous work 4,14 that electron-density redistributions upon contact with the protease do occur in E64c and that they are not negligible, however, those results were based on a comparison with E64d and not E64c in its native form. We therefore proceed with an analysis of the electrostatic potential (ESP) of E64c that is easily, quickly, but accurately derived from the crystal structure of the pure compound and outline how information about the electrostatics of the enzyme-ligand interaction is readily simulated as a result.
The ESP has been generated for E64c in its crystal structure in two different ways: (i) using the theoretical multipole parameters imposed on the experimental geometry of the molecule through the invariom approach (Figure 4a , showing a single molecule), and (ii) calculated from an isolated-molecule wavefunction for the experimental geometry (Figure 4b , showing two neighboring molecules). In both cases the ESP has been mapped on the Hirshfeld surface (HS) of E64c in its crystal packing, 12 and a more direct comparison between the two approaches is shown in the ESI ( Figure S5 ). The separation between areas of negative (red) and positive (blue) ESP on the HS is more pronounced using the invariom approach ( Figure  4a ), but generally the epoxysuccinylpeptide region is of highly negative ESP around the hetero atoms, of slightly positive ESP around the epoxide carbon atoms (back side of Figure 4a ) and of highly positive ESP around both alkyl chains. These broad features in the ESP determine the crystal packing in that HS patches of complementary ESP are in contact with each other (Figure 4b 
b)
molecules supports our assertion that the electronic/electrostatic nature of unperturbed molecules largely governs the crystal packing -since the ESP in both approaches has been derived for the isolated molecules.
Pictures similar to the one in Figure 4c are frequently used in protein crystallography in order to graphically display results, where the ESP of the active pocket is estimated by solving the Poisson-Boltzmann equation in aqueous media through the Adaptive Poisson-Boltzmann Solver (APBS) method 18 and mapped onto Connolly surfaces 19 . This, of course, is a considerable simplification in order to deal with large structures. However, in order to determine how far the present comparison between crystal and enzyme environments can be taken, we have generated a cluster of symmetry-related E64c molecules at their experimental geometries in the crystal of the pure compound, calculated atomic charges for every symmetry-independent molecule using the ChelpG approach 20 and plotted the APBS ESP on a Connolly surface in the same way as routinely done for enzymes ( Figure 4d , see also Figures S6 to S8). This serves as a simulation of a native pocket for the E64c molecule mirroring its most important inherent electronic features in the ESP distribution of the environment.
The ESP of the enzyme pocket in Figure 4c is generated without any knowledge of the inhibitor molecule; only atomic charges of the amino acid residues are accounted for. In contrast, the information about the pocket shape and ESP distribution in the pocket in Figure 4d stem exclusively from the molecular shape and atomic charges of the central small biologically active compound itself (if simplified to the more usual case of Z'=1 small-molecule crystal structures). In other words, the environment is mapped as a complement to the ESP distribution of the small molecule, a combination of the principles of pseudoreceptor modeling and electrostatic complementarity.
Differences between the shape and ESP distribution of the enzyme pocket (Figure 4c ) and the pocket in the crystal structure of pure E64c (Figure 4d ) include more localized ESP patches of high absolute values in 4d (different color scale, other comparisons shown in the ESI, Figure S8 ), the different conformation of the iso-pentyl groups (cf. Figure 2d ) and the protonation state of the carboxylate group. The latter point rationalizes the positive ESP on the pocket below the carboxylate in Figure 4c in response to the negative charge, but the negative ESP in 4d in response to the highly acidic proton (cf. Figure 3) . The shape similarity of the pockets cannot be totally dismissed. In both representations, there is an opening to the upper left and invaginations at the top, the right and the lower left. In both environments the ESP is close to neutral around the alkyl chains, highly negative below the N-H bond of the amide in the side chain and highly positive below the amide group next to the epoxide. These similarities pertain to features very important for the biological activity and reflect the similarities in the hydrogen bonding as well as hydrophobic interactions.
Conclusions
In this work we propose to use the characteristics of the molecular crystal environment as a pseudo-enzyme pocket involving electrostatic complementarity considerations. This can become a helpful tool for the design of new inhibitor molecules. However, its success will be limited by the presence of a ligand-specific induced-fit mechanism and by significant solvation phenomena. Moreover, for generalized conclusions relevant to biological scenarios a more extensive exploration of many more cases will certainly be needed, where both the small-molecule and enzyme-complex crystal structures are known. For the present case study of E64c, similarities between both situations in terms of the conformation, hydrogen-bonding environment and ESP of E64c show that further work in this direction is likely to be fruitful. This is especially true since the method is an enhancement of conventional reverse pharmacophore mapping or pseudoreceptor modeling techniques that only employ geometric properties.
Experimental Part
The following details pertain to the measurement of the data at the synchrotron beamline 15-ID-B of the APS: λ = 0.3936Å, T = 12K, d = 0.70Å, no. collected reflections = 80246, no. unique reflections = 9541, no. observed reflections used in the refinement = 8764 (F> 4σ(F)), completeness = 87%, R int = 8.09%. Crystal data are as follows: space group = P1, Z = 4, a = 10.036(2)Å, b = 11.838(2)Å, c = 15.884Å, α = 79.36(3)º, β = 78.98(3)º, γ = 74.71(3)º, V = 1768.7(6)Å 3 . The final invariom refinement on F 2 magnitudes led to the following figures of merit: R(F) = 10.23%, wR(F 2 ) = 19.74%, min/max residual density = -0.45/0.68 e/Å 3 . The cif file including all experimental details has been deposited with the Cambridge Structural Database under deposition number CCDC-977799, and can be downloaded free of charge under www.ccdc.cam.ac.uk/data_request/cif.
The crystal structure was solved with SHELXS 21 , refined with InvariomTool 22 and XD2006 23 , and analyzed with CrystalExplorer 24 as well as MOLISO 25 . Within CrystalExplorer, the electrostatic potential (ESP) was calculated using HF/6-31G(d). Gaussian03 26 was used for the isolated-molecule optimization, and for generating ChelpG 15 charges for the four different experimental geometries of E64c (HF/6-31G(d)). Charges for the residues of cathepsin B were transferred from a library of AMBER 27 charges. The program PyMOL (Schrödinger, LLC) was used for the APBS 18 estimation of the ESP based on those charges.
